Nanocrystalline cobalt doped zinc oxide nanoparticles are synthesized by solution combustion method using sucrose as a fuel. The synthesized samples are characterized by XRD, SEM, FTIR, Micro-Raman, UV-Visible techniques. XRD studies confirm that both undoped and Co doped samples exhibit hexagonal wurtzite structure with crystallite size~30 nm for undoped Photoluminescence (PL) of all the samples shows violet emission peaks at 361, 398 nm, blue emission peaks at 468,492 nm and weak green emission peaks at 517 and 567 nm. PL intensity is found to decrease with the increase in Co 2+ doping. Thermoluminescence (TL) glow curves of Co doped ZnO nano crystalline phosphors are γ-irradiated in the dose range 0.1-5.0 kGy. Prominent glow peaks at 412 and 575 K are observed for all the exposed doses without changing its glow peak structure. TL intensity increases linearly with γ-dose up to 4 kGy. The Kinetic parameters of TL glow are calculated by deconvolution technique. Activation energy and frequency factor are found to be 1.35 eV and 2.10×10 11 s −1 respectively.
Introduction
ZnO is a wide band gap (E g =3.37 eV) semiconductor material with a large exciton binding energy (60 meV) at room temperature and it is extensively used as optoelectronic, catalytic, gas sensing and piezoelectric material [1] [2] [3] . Furthermore, ZnO nano crystals with wide band gap energies are prospective host materials for doping luminescence centers [4] . Nano sized ZnO is considered as an efficient luminescent material over bulk ZnO due to many facts like particle size dependent band gap, thermal and chemical stability and a low production cost. On the other hand, transition metal (TM) doped semiconductor nano particles are technologically important in the production of efficient luminescent materials [5, 6] with numerous applications. The normal temperature synthesis process like sol-gel method, solution combustion method, precipitation method, etc. are found suitable to produce TM ion doped ZnO of high efficiency [7] [8] [9] . However, combustion synthesis is an important powder processing technique generally used to prepare oxide materials. It involves several advantages like fast heating, short reaction time besides producing foamy, homogeneous and high surface area nano crystalline products. It has also the advantage of doping desired amount of ions in solution medium and low processing temperature leading to uniform crystallite size [10] .
Thermoluminescence (TL) is used as a powerful tool to study luminescence centers responsible for the emission in materials. Numbers of thermoluminescence dosimeters (TLD) are available commercially. However, commercial TLD's are not useful for the measurement of high dose due to the saturation of TL intensity by overlapping of ionized zones. Nanomaterials find application in high dose TL dosimetry. Hence studies are still being made to improve the TL characteristics of the nano phosphors by preparing them using different methods of doping with different impurities. TL technique has many applications in industrial, medical and agriculture field and motivated researchers to develop new materials with adequate dosimetric properties [11] [12] [13] .
The objective of this work is to study the effect of cobalt doping on ZnO nanoparticles and to investigate their structural and luminescent properties by using various techniques such as powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR), Raman, UV-Vis, photoluminescence (PL) and thermoluminescence techniques. Nanophosphors have potential applications for the measurement of high dose. Therefore in the present work, TL behavior of the ZnO nano material can be tuned by doping cobalt ions and hence there is a substantial demand for the development of ZnO nanophosphor with better TL dosimetric properties.
Experimental
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X-ray diffraction
The X-ray diffraction patterns of undoped and Co (0.1-2 mol%) doped ZnO nano phosphors are as shown in Fig. 1(a) . All the diffraction peaks are indexed to hexagonal wurtzite structure and well matched to JCPDS Card no. 36-1451. In Fig. 1(a) all the diffraction peaks are broad and it is an indication of nano sized particles. No impurity peaks are observed even after addition of 2 mol% Co ions in ZnO indicates a well crystallized ZnO material is easily obtained without calcinations. The average crystallite size is estimated using Scherer's equation D=kλ/ βcosθ, where' λ' is the wavelength of X-rays (0.154 nm), 'β' is the full width at half maximum (in radians), 'θ' the diffraction angle and 'k' shape factor (0.9). The crystallite size is found to be in the range 30 nm for undoped ZnO and with the addition of Co ions in ZnO matrix. The crystallite size reduces to 18 nm after 2 mol% Co doping (Table 1 ). It is observed that, the crystallite size decreases with increase in Co ion concentration. The lattice undergoes distortion as revealed by the ionic radii of Zn 2+ (0.060 nm) and Co 2+ (0.058 nm), the crystallite size decreases and diffraction peak (100) have been shifted to lower 2θ angle as shown in Fig. 1(b) [15] . Structural parameters such as lattice parameters and unit cell volumes for hexagonal ZnO nano particles are calculated from the lattice geometry equations [16] . 
where a and c are the lattice parameters and h, k, and l are the Miller indices and d hkl is the inter planer spacing, which can be calculated from Bragg's law
The changes in a and c parameters are observed due to the incorporation of Co dopant, as shown in Table 1 . The volume of the unit cell increases with the increase in the Co doping level, which is shown in Fig. 2(a) . According to Vegard's law, higher doping levels could increase the volume of the unit cell. The incorporation of Co 2+ ions into the ZnO lattice could be easily identified from the fact that variation of lattice constants values with cobalt doping as shown in Fig. 2(b) . 
Scanning electron microscopy
The scanning electron micrograph of undoped and 1 mol% Co doped ZnO is shown in Fig. 3 . The micrograph shows particles are agglomerated with large grain structure, fluffy, and porous in nature. The agglomeration of ZnO nanoparticles is due to minimizing in their surface free energy. Presence of voids and porous morphology in these samples is due to the release of gases during the combustion process [14] . It is observed that the Co doped ZnO samples are more agglomerated than the undoped samples.
FTIR and Micro-Raman studies
The FTIR measurements of undoped and Co doped samples are performed in the wavenumber range 400−4000 cm . The peaks appeared between 1300 and 1600 cm −1 are attributed to C˭O stretching modes [15] . The band at 458 cm −1 is assigned to the stretching mode of ZnO.
The shift in the peak position of the ZnO bands reflects the Zn-O-Zn network perturbed by the presence of Co in its environment [17] . This shift in the Zn-O stretching peak position with cobalt doping is shown in Fig. 4 . In order to investigate the influence of cobalt doping on the Raman scattering in ZnO nanostructures, room temperature micro Raman spectra of all samples are explored. ZnO is one of the simplest uniaxial crystal with wurtzite structure belongs to the P63mc space group. It is well known that wurtzite ZnO has eight sets of characteristic optical phonon modes at the center of brillouin zone Г point. Group theory predicts of the following optical modes. Г = 1A + 2B + 1E + 2E in the samples. The slight shift in the peak position after cobalt doing is observed is shown in the inset of the Fig. 5 . We can say that the incorporation of cobalt into ZnO nanoparticles reduces their crystallinity and the drastic reduction in intensity might be due to the breakdown of translational crystal symmetry by the incorporated defects, reduction in crystallite size [19] . The A 1 (LO) and A 2 (LO) phonon modes of ZnO nanoparticles are observed at 578 and 1175 cm −1 , respectively. The peaks at 502, 681, 766, 865 and 967 cm −1 are due to multi phonon modes [19] [20] [21] . The detailed assignments of each mode for all the peaks are tabulated in the Table 2 .
UV-Visible spectroscopy
The UV-Visible absorption spectra of undoped and Co doped ZnO nanophosphors of samples shows strong absorption maximum at 375 nm (Fig. 6) . Bandgap (E g ) has been calculated using Tauc plot [22] . Fig. 7 shows the plots of (αhν) 2 versus hν for undoped and Co doped ZnO samples. The values of E g have been estimated at the intersection of the tangents drawn on the curves. The E g is found to be 3.12 eV for undoped ZnO sample and increases to 3.41 eV for 2 mol% Co concentration in the sample. This change in the value of E g depends on several factors such as grain size, carrier concentration, lattice strain, etc. Variation of the band gap and crystallite size of samples with respect to cobalt concentration is shown in Fig. 8 . Generally, excess carriers through doping donated by impurities lead to the blue shift of optical band-to-band transitions of the Co doped ZnO nano particles. The blue shift of absorption peak and the broadening of the absorption onset increase in Co dopant concentration, indicating that more impurity levels occurred within the band gap, and hence the band gap increased [23] .
Photoluminescence
PL emission spectra of undoped and Co 2+ doped ZnO recorded in the range 350-800 nm are shown in Fig. 9 . PL emission shows sharp UV and broad visible bands. PL emission spectra of cobalt undoped ZnO shows are similar emission of undoped, but shows variation in PL intensity with cobalt concentration in addition to the formation of defects. It is observed that all the samples emission with peaks at 361, 398 nm in the violet region, The UV peaks usually considered as the characteristic emission of ZnO and are attributed to the near band edge (NBE) exciton emission, which originates from free exciton [19, 21] . Broad visible band is observed due to formation of native defects across the band gap of ZnO. UV and Visible bands in undoped and Co doped ZnO have multiple emissions and frequently assigned to different defects. Blue emission peaks at 468,492 nm and weak green emission peaks at 517, and 567 nm. The broad blue band emission peaks are assigned to surface defects such as oxygen vacancies (V o ) and Zinc interstitials (Zn i ). The green emission origin is generally assigned to the radiative recombination of photo generated holes in the valence band with electrons in singly occupied oxygen vacancies [20, 22] . The PL emission intensity is found to decrease with the increase in cobalt concentration as shown in the inset of Fig. 9 . UV emission peak (398 nm) is becoming very broad with an increase in cobalt concentration and peak shifts towards lower energy due to carrier-impurity and carrier-phonon interactions leading to broadening of the band gap. After cobalt doping, creation of holes in the valence band leads to shift in Fermi level to a lower position, thus widening (blue shift) the band gap. This blue shift is responsible for the NBE emission of higher energy due to the formation of Co interstitial defects. Further from our 
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previous reports on PL studies of ZnO:Mg 2+ nanoparticles prepared from urea fuel show PL emission peaks at same position as compared with undoped and Co doped ZnO nanoparticles, but PL intensity enhanced after Mg 2+ doping [24] . With the cobalt doping quenching of PL emission is observed.
Thermoluminescence
TL glow curves of ZnO nanopowders irradiated with gamma (γ) rays for a dose range of 0.05-10 kGy is shown in Fig. 10 . TL glow curves are recorded at a heating rate of 5 K s −1 and well resolved broad glow peaks at 500 K and 675 K are observed for all the doses. The broad shape of the TL glow peak suggests the distribution of number traps in the band gap of ZnO nanostructures. Fig. 11 shows the variation of glow peak intensity with γ-dose. It is observed that low temperature glow peak intensity shows linear response with increase of gamma dose upto 1 kGy, sub linear up to 6 kGy and then decreases with further increase of γ-dose and the glow peak position is unaltered with γ-doses. The increase in intensity of TL glow peak with irradiation dose makes clear indication that more oxygen vacancies helps in the creation of traps in the band gap of the material up to 6 kGy [25] . The decrease in TL intensity after the 6 kGy may be due to formation of cluster of oxygen vacancies leading to complex defects. High temperature TL glow peak not exhibit linear response with γ-dose. TL glow curves of cobalt doped ZnO samples irradiated with gamma rays for a dose of 2 kGy are shown in Fig. 12 . Cobalt doped samples shows high temperature TL glow peak~575 K upto 0.3 mol% doping and for higher concentration of cobalt the samples exhibit well structured TL glow curve with peaks at~411 K along with high temperature TL glow peak. This is due to the cobalt doping in the material could help in generating more number of electron/hole traps and luminescent centers responsible for TL. Variation of TL glow peak intensity with Co 2+ concentration is shown in Fig. 13 . Maximum TL intensity is observed for the concentration of 1 mol%. This could be due to the increase in the number of luminescent centers and also due to the increase in the probability of energy transfer from the traps to the luminescent centers and then decreases with the further increase of the Co 2+ concentration. However, it is concentration quenching [26] .
Hence this concentration (1 mol%) is exposed to gamma rays for various doses to study its TL response. Fig. 14 shows the TL glow curves of Co 2+ (1 mol%) doped ZnO nanophosphor γ-irradiated in the dose range 0.05-6.0 kGy at an heating rate of 5 K s −1 . The resulting glow peaks at 411 and 577 K are prominent and are observed for all the exposed doses without alter its glow peak structure. Variation of TL glow peak intensity for different γ-doses are plotted and shown in Fig. 15 . TL intensity increases linearly with γ-dose upto 4 kGy. This behavior of the sample is useful for dosimetric application. The increase in TL intensity suggests that more number of electron and hole traps are created by irradiation and supply thermal energy, these traps escapes from the trapped centers and recombine with contradictory centers at the luminescent center (LC) which leads to TL signal with the increase of γ-dose. After the dose of 4.0 kGy, the TL intensity decreases with further increase of γ-dose due to formation of complex defects as a result reduction of recombination centers [27] . As a result of more number of lattice defects/ trap formation and found to be smaller for the samples irradiated with lower γ-dose due to creation of lesser defects/traps. The linear behavior of TL intensity is explained based on defect interaction model. According to this model, recombination within the trapping center/luminescent center (TC/LC) complex dominates at low dose levels and leads to a linear response, whereas charge carrier migration leads to inter-complex recombination, i.e. increase in the luminescence efficiency at higher dose levels [28] . The presence two kinds of glow peaks at 411 K and 577 K indicate that two kinds of trapping centers (shallow/deep) are created due to γ-irradiation [29, 30] 
Calculation of kinetic parameters
The detailed studies of TL kinetic parameters qualitatively describe the trapping or emitting centers responsible for TL process. Kinetic parameters provide valuable information for the TL mechanism responsible for dosimetric applications. TL glow curves are deconvoluted using a computerized glow curve deconvolution method (GCD) [31] using equation for general order of kinetics suggested by Kitis et al. [32] .
The equation for general order kinetics which is used for glow curve deconvolution as follows, ), I m is the intensity of glow peak, β the linear heating rate and b represents the order of kinetics and T m refers to glow peak temperature. For glow curve fitting software package in Microsoft Excel has been used [31] . In order to fit the glow peak, we have to input the arbitrary values for the parameters I m , T m , E and b for each glow peak. After the curve fitting we will get the net values of I m , T m , E and b. The frequency factor and Figure of merit (FOM) values are determined using expressions given below 
Here TL exp and TL the represent TL intensity of experimental and theoretical glow curves respectively. The goodness of fit is decided by FOM. The values are considered when the FOM value less than 5%. In the present work the FOM is 2% and Table 3 . It is found that the low and high temperature TL glows, obeys the first and second order kinetics, respectively. It indicates the low temperature glow, the trapped electron direct recombine with hole center while high temperature glows exhibits retrapping and then recombine with contradictory center at LC resulting TL signal. The activation energy of deconvoluted peaks increases with increase in glow peak temperature. This indicates that each glow peak has different trap levels in the band gap of a material and at lower temperature peaks are due to electrons being trapped at a shallow level while higher temperature peaks are due to electrons activated from deep traps. The deep level traps exhibits longer life time and low fading at room temperature, therefore the deep level traps are very important for the developing dosimeter. The obtained activation energy and frequency factor values are very close to normal lattice vibration, 
Conclusions
Solution combustion synthesized undoped and cobalt doped ZnO nanoparticles exhibits hexagonal wurtzite structure. Crystallite size decreased from 30 nm to 18 nm with Co doping. SEM micrographs confirm that particles are agglomerated after Co doping. Energy band gap increases with increase in Cobalt concentration and found to be 3.12 eV for pure ZnO sample and increases to 3.41 eV for 2 mol% Co 2+ . Intensity of PL emission decreases and UV emission peak (398 nm) shows broadening with increase in cobalt concentration. TL curves of undoped nanoparticles shows low intense TL glow peaks at 500 K and 675 K and Cobalt doped nanoparticles shows high intense TL glow peaks at a~411 K and~575 K. TL intensity increases linearly with increase in γ-dose from 0.05 to 4 kGy. Hence, this material may be useful for high dose TL dosimetry applications in the dose range 0.05-4 kGy.
Novelty of the work
Cobalt doped Zinc oxide (ZnO:Co) nanoparticles have been prepared by a solution combustion route. The nanopowders are well characterized using different spectroscopy techniques. PL emission intensity decreases and UV emission peak (398 nm) shows broadening with increase in cobalt concentration. Thermoluminescence (TL) studies of ZnO:Co nano powders with γ-irradiation are scarce as evident from the literature. In the present studies TL intensity increases linearly with increase in γ-dose. ZnO:Co material may be useful for TL dosimetry applications in the dose range 0.05-4 kGy.
